A two-step doping process, magnetic followed by charge or vice versa, is required to produce insulating massive surface states in topological insulators for many physics and device applications. 
and open a surface gap [3] , which were commonly used experimentally now [6, 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] . In the experiment, the existence of anionic vacancies in the as-growth Bi 2 Se 3 or Bi 2 Te 3 thin film lead to a typical n-type material [14, 15, 23, 24] . To move the Fermi level inside the bulk gap from the bulk conduction band, the excess electrons must be compensated (via hole doping) which can be achieved by doping with divalent cations (Mg 2+ or Ca 2+ ) [14] , or chemical molecules with strong electron accepting ability (NO 2 , CO) [15, 23] . Alloying, such as ternary Bi 0.08 Sb 1.92 Te 3 [7, 22, 24] and quaternary Bi 1.5 Sb 0.5 Te 1.8 Se 1.2 [25] , is another possible approach to compensate the excess electrons but it is difficult to accurately control the compositions of these compounds [7, 22, 25] . Nevertheless, it remains a challenge to find a reliable yet simple scenario to produce out-of-plane magnetization, a stable long-range magnetic order and proximity of Fermi level to the Dirac point. These 3 conditions are necessary in order to experimentally observe the Dirac gap and quantum anomalous Hall effect using the approach of magnetic doping [3, 7, 22, [26] [27] [28] [29] [30] .
The spontaneous spin polarization and local moments in carbon-doped ZnO, a diluted magnetic semiconductor (DMS), has been successfully demonstrated both experimentally and theoretically [31, 32] . Since O and Se have similar electronic configurations and similar chemical properties, and C has a quite similar electronegativity (2.55) but two more valance holes compared to Se, one can expect that substitution of C for Se would compensate both the Se vacancies and excess electrons in the as-growth Bi 2 Se 3 . This motivated us to consider carbon doping as a mean to achieve massive topological surface states (TSS) in Bi 2 Se 3 .
In this Letter, we report results of our investigation on the topological surface state of carbon doped Bi 2 Se 3 using first-principles electronic structure calculations. It is found that substitution of C for Se in Bi 2 Se 3 introduces local moments as well as holes. Carbon doping can lead to simultaneous opening of the Dirac gap up to 85 meV and pinning of the Fermi level inside the bulk energy gap. It is striking that magnetic doping and ordering can be achieved using a nonmagnetic dopant (C). We discuss the origin of magnetic moment, mechanism of magnetic coupling, and cause of magnetocrystalline anisotropy in carbon doped TIs system, and compare them with TM-doped TIs and C-doped DMSs. The effects of carrier and impurity concentration on the magnetic state and Dirac gap are also discussed.
First-principles calculations have been widely used to predict topological insulators with great success [33] . Our First-principles calculations were carried out using the vasp code [34] with the projector-augmented-wave potentials and the Perdew-Burke-Ernzerhof generalized gradient approximation [35] for electron exchange-correlation functional. The experimental lattice constants of Bi 2 Se 3 were used in our calculations [36] . The Bi 2 Se 3 thin film was modeled by a slab of six quintuple Se-terminated layers (QLs). A vacuum layer of more than 30Å thick was included to ensure a negligible interaction between neighboring slabs [23, 37] . All structures were relaxed until the force on each atom is smaller than 0.01 eV/Å .
The cutoff energy was taken to be 400 eV and k-point meshes of 7 × 7 × 1, 5 × 5 × 1 and 3 × 3 × 1 were used for the 2 × 2, 3 × 3, and 5 × 5 surface unit cell, respectively. Different surface unit cells were used to study effect of doping concentration on the magnetic and electronic properties. The SOI was included in the topological surface state calculations. Fig. 1a . The band structure of the 6QL Bi 2 Se 3 thin film with a single Se vacancy at site 3 is shown in Fig. 1b . As can be seen, the topological surface state with the Dirac-cone characteristics is preserved within the bulk band gap in the presence of the Se vacancy, but the Fermi level E F is located in the bulk conduction band (BCB), almost 0.5 eV above the Dirac point, due to the anionic Se vacancy. This is in good agreement with experimental observations (inset of Fig. 1b ) [39] .
We next consider filling of the Se vacancy by carbon. Theoretically, it should not be difficult to fill the Se vacancy in Bi 2 Se 3 with carbon. This is because carbon has the same electronegativity (2.55) as Se, but much smaller atomic radius (70 pm). Furthermore, the large interstitial space in the Bi 2 Se 3 crystal lattice, due to the large covalent radius of Bi (146) and Se (116), is able to facilitate diffusion of carbon to V Se sites on the Bi 2 Se 3 surface. As the doping concentration increases, carbon can further replace selenium during high temperature annealing [17] . Figure 1c shows the band structure of Bi 2 Se 3 in the same configuration as in Fig. 1b but the V Se is filled by a carbon, resulting in a carbon substitutional doping. It shows that carbon doping leads to the opening of a sizable surface Dirac gap (53 meV), which is comparable to that in Fe or Mn doped Bi 2 Se 3 [14, 15] . Such a large Dirac gap is desirable for room temperature device applications. In addition, the Fermi level is drawn closer to the surface gap from the bulk conduction band due to hole doping introduced by Fig. 1a ). This indicates that we can realize insulating massive TSS in one step, in contrast to the two-step process by TM and carrier doping. Experimentally, a one-step doping procedure would be much preferred over the two-step process because it means easy control of experimental environment and parameters.
In order to understand how a nonmagnetic element such as carbon can open a Dirac gap and tune the Fermi level simultaneously, we calculated the projected density of states (DOS) of carbon doped Bi 2 Se 3 thin film and present the results in Fig. 2 . A strong coupling between the 2p states of the dopant (C) and the 4p/6p states of the host (Se/Bi) is clearly seen at the valence band maximum (VBM) and conduction band maximum (CBM). This p-p interaction is essentially a result of quantum-mechanical level repulsion, which splits the majority and minority 2p states of carbon and "pushes" the minority 2p states up inside the bulk band gap. The exchange splitting energy between the majority and minority spin t 2 states at the zone center [∆ǫ Γ = ǫ(t splitting under the tetrahedral crystal field, forming C 4− (see Fig. 1 ), which provides two more holes compared to Se 2− . Therefore, C Se can introduce holes as well as local moments.
This duality of carbon doping leads to the simultaneous topological surface state and Fermi level tuning in this intrinsic nonmagnetic topological system. In topological insulators, light elements are often used to tune the surface hole doping by modifying their concentration [40] .
Experimentally, the carrier and impurity density are two key parameters. We therefore discuss their effects on the stability and Fermi level tuning in carbon-doped Bi 2 Se 3 .
Carrier effect -Carriers play critical roles in magnetically doped TIs, in both bulk and surface. They mediate the long-range magnetic order [18] and control the Fermi level as well [14, 15] . Electrons in the system also affect the localization of magnetic moments, especially in systems with delocalized p band and hole-induced magnetic system. Here, we consider only the effect of electrons on the local moments and the Dirac gap in C-doped Bi 2 Se 3 . As shown in Fig. 3 , C substitutional doping at the anion site induces a magnetic moment of ∼2µ B per anion. If excess electrons are introduced into the system which is possible in an experimental environment, they would quench the magnetic moments. the Dirac gap can be closed if the carrier concentration is sufficiently high. We wish to point out, however, in our calculation the additional electrons are assumed to be homogenously distributed in the whole system, rather than localized at or around the carbon dopants.
Impurity concentration effect -The impurity concentration can affect both the degree of localization of magnetic moments and the hole density because the carbon dopants introduce local moments as well as holes into the system. Figure 4 shows the dependence of the local moment and Dirac gap on the impurity concentration which is given in terms of distance between impurities, by assuming a uniform dopant distribution. It is noted that the interimpurity distance in the figure is discontinuous. A high impurity concentration enhances the magnetic coupling and introduces more holes, but too large an impurity concentration would quench the local moment and reduce the size of the Dirac gap. This can be understood based on the phenomenological band-coupling model [41] . Under a very low impurity concentration, the impurity states are localized and isolated, which is insufficient to open a for the long-range magnetic order in TM-doped TIs [22] . Clearly, the ferromagnetism in carbon doped Bi 2 Se 3 challenges our understanding of magnetic ordering in such systems because there are no d states near either conductance or valence bands in C-doped TI system (see Fig. 2 ). The above s-d RKKY or p-d van Vleck mechanism cannot be applied
here. The ferromagnetic double-exchange mechanism can produce large spin moments, but it is a short-range interaction that requires mixed valence, i.e., 2p n ↔ 2p n+1 . However, there is no evidence that mixed valence occurs in C-doped Bi 2 Se 3 based on our magnetic moment calculations. We propose that the spontaneous spin polarization is induced by the p-p interaction and the magnetic exchange coupling in such a system is mediated by the surface states [3, 22] . Further investigation is required to clarify the magnetic exchange in C-doped Bi 2 Se 3 as well as TIs doped by other 2p light elements in general.
C-doped TIs vs. C-doped DMSs -We also wish to point out an important difference between magnetism in C-doped TIs and C-doped DMSs, which is essentially due to the different atomic orbitals in the host materials (3d in DMS vs. 4f in TIs). Bismuth surface shows a strong SOI due to its high atomic numbers [42] . A large orbital moment is observed on the surface [42] , which is driven by a localized spin through SOI. Such an orbital moment gives rise to an effective field that is responsible for the large surface magnetic anisotropy in C-doped Bi 2 Se 3 (around 10 meV per C), which is comparable to that in Fe-doped Bi 2 Se 3 [15] and Co-doped Bi 2 Se 3 [43] . The magnetic order in C-doped TIs can be expected to survive up to room temperature since thermal energy is insufficient to destroy such a magnetic anisotropy. In contrast, the SOI in DMSs is much weaker since the host materials are typically GaAs, ZnO et al. Therefore, the Curie temperature of most DMSs is below room temperature despite a few exceptions such as C-doped ZnO [31] . C-doped TIs and C-doped DMSs are also different in their dependence on carriers. The insulating FM phase of C-doped TIs can be carrier-independent for the QAH effect and spin Hall device applications [22] .
This is different in C-doped DMSs where carriers (hole) of certain density are indispensable for the long-range FM coupling between local moments and for spin field-effect transistor (FET) applications [31] .
In summary, we propose carbon substitutional doping at Se site as a one-step approach to achieve massive topological surface states in Bi 2 Se 3 , which is more effective compared to the usual approach of magnetic impurity doping followed by chemical charge doping or vice versa. This is possible because carbon doping simultaneously introduces localized spin moments and holes. Such spin moments are long-range ordering by p-p interaction. 
